1. Introduction {#s0005}
===============

It is well known that pH plays a pivotal role in the control of bone remodeling [@bib1]. *In situ*, low pH stimulates osteoclast function and works as regulating factor in the process of bone matrix production by osteoblasts. The osteoclast-mediated resorption of bone matrix is directly correlated with pH, with a maximum around pH 7.0 and ceasing above pH 7.4 [@bib1], [@bib2]. Systemic acidosis has implications in the pathogenesis of various metabolic diseases, including a negative effect on bone mineralization [@bib3]. Acidosis also stimulates the release of bone mineral in humans [@bib4]. Opposite effects have been observed under metabolic alkalosis, which reduces bone resorption and stimulates osteoblastic collagen synthesis [@bib5]. Both acidosis and alkalosis can be induced by respiration failure, emphasizing the importance of gas exchange for the systemic acid-base balance, which is maintained by systemic carbonate buffer systems that regulate pH in various tissues of an organism.

The *in vivo* conditions are mimicked by the sodium/hydrogen carbonate buffer systems, which are commonly used in the culture of many cell types. The habitual use of standardized cell culture media may be one of the reasons that pH effects have not yet become a focus of research. Most standardized media are stabilized to pH 7.4, the systemic pH of blood. However, the local pH of the other tissues, such as muscle or connective tissues, may differ strongly [@bib6], [@bib7], [@bib8], which implies that the optimum pH for the various cell types may differ from each other considerably. We believe that a more critical examination of the specific pH needs of different cell types is highly needed.

Different *in vitro* systems exist for research into bone cell culture. Some groups have used pieces of bone to investigate the pH influence on matrix, mineral, and energy metabolism [@bib5], [@bib9]. Very few studies have been conducted at the cellular level. Leem and Kohn [@bib10], [@bib11] investigated the influence of medium pH on the differentiation of bone mesenchymal stem cells (BMSC) into an osteogenic cell lineage, and Kaysinger and Ramp [@bib12] studied adult human osteoblasts. The latter authors described an increase of osteoblastic activity with increasing pH in the pH 7.0--7.6 range, which was not associated with any elevated glycolytic activity. At pH 7.8, the authors reported reduced osteoblast activity. However, a pH drift of up to 0.4 pH steps in their culture media during a 48-h cultivation sounded a note of caution regarding the interpretation of the data.

To our knowledge, there are no comparable studies of pH effects on the proliferation or long-term cultivation of osteoblastic cell lines, even though such investigations may prove useful for cell culture in 3D scaffolds, where the medium and oxygen supply in the bulk of the scaffolds has become a focus of research [@bib13]. Although current research mainly aims at establishing a dynamic culture to increase oxygen supply [@bib14], we assume that this problem may be less important than the removal of CO~2~ to avoid acidification by carbonate. With MC3T3 osteoblasts, we showed that a feeding medium-pH of 7.8 helped uphold the pH above 7.0 in confined microfluidic cell culture systems for longer medium exchange periods [@bib15]. We speculate that elevated pH may provide a simple way to avoid adverse effects on cell proliferation and cell vitality during static cell culturing in 3D scaffolds, not only for osteoblasts. Finally, research into the pH conditions of bone cell cultures may provide a new starting point for prospective bone regeneration therapies.

2. Material and methods {#s0010}
=======================

2.1. Cell culture {#s0015}
-----------------

The mouse-osteoblast precursor cell line MC3T3-E1 (referred to below as osteoblast-like cells) was obtained from the German collection of microorganisms and cell culture (DSMZ, Braunschweig, Germany). The cells were cultured in aqueous alpha minimum essential medium (Alpha medium; ord. No. F0925) supplemented with 1% of a penicillin/streptomycin stock solution (100 U/ml penicillin and 100 µg/ml streptomycin) and 10% fetal bovine serum (all purchased from Biochrom AG, Berlin, Germany) in T25 cell-culture flasks (Greiner bio-one, Frickenhausen, Germany). The incubator ensured 95% humidity in a 5% CO~2~ atmosphere at 37 °C. Cells grown to confluence were trypsinized (0.05% trypsin + EDTA 0.02%, PAN Biotech GmbH, Aidenbach, Germany) and diluted to one million cells per ml before subculture. For pH experiments, carbonate-free alpha medium powder (Ord. no. P03-2510, Pan Biotech, Aidenbach, Germany) was dissolved in deionized water (analytical grade) and buffered with 20 mM 4-(2-hydroxyethyl)−1-piperazineethanesulfonic acid (HEPES). The pH was adjusted in parallel series of up to five different pH values from 7.2 to 9.0 with NaOH and controlled with a pH meter (Mettler-Toledo GmbH, Gießen, Germany).

All media were sterile-filtered and supplemented with 1% penicillin/streptomycin (stock solution: 100 U/ml penicillin/100 µg/ml streptomycin) and 10% fetal bovine serum (FBS). In total, 20,000 cells (20 µl suspension) were seeded per well (500 µl) of a 24-well plate at the desired pH and cultured in an incubator with 95% humidity under normal atmospheric conditions. Proliferation and differentiation experiments were continued for up to 6 and 21 days, respectively. To improve comparability, cells with comparable passage numbers ranging from 10 to 20 were used for each experimental run. The medium pH was measured daily, before half of the medium was exchanged. Selected metabolic parameters and cell proliferation were measured with standard assays. The results of all the consecutive runs were pooled in pH groups. Throughout the paper, the parameter values obtained for the pH 7.4 group were used for reference.

2.2. Cell count determination {#s0020}
-----------------------------

To determine cell counts, the medium was removed, and adherent cells were washed with PBS and incubated with trypsin at 37 °C for 5 min. Trypsinization was stopped by adding the same amount of FBS-containing medium to each well before 10 µl of the cell suspensions were transferred to a Neubauer chamber and counted under the microscope.

2.3. ATP measurement (ATP-Lite®assay) {#s0025}
-------------------------------------

The cellular ATP status was analyzed with a commercial luminescence ATP assay (Perkin Elmer, Waltham, MA, USA) according to the manufacturer´s protocol. In short, the culture medium in each well of the 24-well plates (Sarstedt AG, Nürnbrecht, Germany) was exchanged with aqueous Alpha medium mixed with lysis buffer at a 2:1 ratio without further supplements. Four cell lysate samples per culture well were transferred into intransparent 96-well plates (LumiNunc, Thermo Scientific Nunc, Schwerte, Germany). Cell-free lysis buffer-containing medium served as a negative control. The detected reaction was started by adding 50 µl of the assay\'s substrate buffer. The plates were incubated in the dark for 10 min followed by luminescence measurement with a plate reader (Lumistar, BMG Labtech GmbH, Ortenberg, Germany).

2.4. WST assay {#s0030}
--------------

The WST proliferation assay (Roche Diagnostics GmbH, Mannheim, Germany) uses WST-1 reagent to detect the metabolic activity of the respiratory chain of cultured cells. The assay is based on changes in the light absorbance resulting from the metabolism of WST-1 into formazane by mitochondrial succinate reductase.

For measurements, the medium in the wells of a pH series was replaced by 500 µl of fresh medium of the respective pH supplemented with 1% WST-1 reagent. After another hour in the incubator, the optical absorbance of the supernatants was determined in a plate reader (Polarstar, BMG Labtech GmbH, Ortenberg, Germany). For this, four 100 µl samples from each measuring well were transferred to a 96-well test plate (Sarstedt AG, Nürnbrecht, Germany). The absorbance was determined at 450 nm against a reference wavelength of 620 nm. In all tests, cell-free controls with WTS-1 reagent were prepared in parallel.

Two different tests were carried out to determine whether the WST assay readouts were pH-dependent. For both tests, the cells were seeded at high numbers (approximately 250,000 cells per well of a 12-well plate) and cultured at the standard pH of 7.4 until confluence. The first test was performed to evaluate pH-dependence of mitochondrial succinate reductase, which metabolizes the WTS-1 reagent. The medium in the wells was replaced by 1 ml medium of either pH 7.4, 7.8 or 8.4 containing WST-1 reagent. After the assay incubation time of one hour, the samples were collected as described above. Seven repeats were done at each pH. A linear regression model revealed a statistically significant (p\<0.001) pH dependence of the measured absorbance per one million cells. A correlation coefficient of 0.79 (Pearson) proved the strong correlation between the parameters [@bib16].

A second test was performed to exclude a possible pH influence on the photometric measurements (see [@bib16]). In the relevant pH range, no significant differences were measured in the absorbance, excluding a pH effect on the photometric readouts of the WST assay.

2.5. Gene expression analysis {#s0035}
-----------------------------

For gene expression analysis, osteoblast-like cells were cultured at pH 7.4, 7.8 or 8.4. After seven days, 10 mg/ml beta-glycerol phosphate and 10 ng/ml calcitriol were added to restrict the proliferation and support the differentiation of the cells [@bib17], [@bib18], [@bib19].

After 14 days, the cells were lysed in RTL Plus buffer, which was included in the RNeasy Plus Kit (Qiagen, Hilden, Germany) and extracted according to the manufacturer\'s protocol. Total RNA samples were quantified with a spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Waltham, MA USA) and their integrity was controlled using the Agilent Bioanalyzer 2100 with the RNA Pico chip kit (both from Agilent Technologies, Waldbronn, Germany). RNA integrity number values between 9.3 and 9.8 were achieved.

The expression profiling was performed according to the manufacturer\'s instructions with Affymetrix GeneChip Mouse 2.0 ST Arrays (Affymetrix, Santa Clara, CA, USA) using 200 ng RNA. The so-called Whole Transcriptome protocol was started by introducing T7 promoter tags to all RNA molecules using N6 3′-ends for DNA strand synthesis. After RNA strand replacement according to Eberwine (19), non-labeled aRNA was produced by *in vitro* transcription. To avoid a 3′ bias, all RNA molecules were linearly amplified followed by a purification step. Using the aRNA as template, a new strand-identical single-strand DNA was produced by adding random primers and dNTPs. In addition, a certain amount of dTTP was replaced by dUTP. The following purification included digestion with RNaseH. Endpoint fragmentation was performed with uracil-DNA-glycosylase in combination with apurinic apyrimidinic endonuclease 1. Desoxynucleotidyl-transferase was used to add biotinylated dNTPs to the 3′-ends of the single-stranded DNA fragments. The hybridization was carried out at 45 °C in the GeneChip^®^ Hybridization Oven 645 (Affymetrix) overnight. The prepared microarrays were scanned using the GeneChip Scanner 3000 (Affymetrix) at 0.7 µm resolution.

Primary data analysis was carried out with the Affymetrix Expression Console 1.4.1.46 software including the Robust Multiarray Average module for normalization. Gene expression data were log-transformed. A change was considered significant when the FDR-corrected p-value/q-value thresholds met the criterion q\<0.01 at fold changes \>\|2\|, *i.e.* expression increments or declines larger than two. Our complete microarray data are available in the Gene Expression Omnibus database (GEO accession: GSE84907).

To extract canonical pathways and global functional networks corresponding to those known from mammalian (mouse, rat or human) *in vivo* and *in vitro* systems, lists of differentially expressed genes were imported into the Ingenuity program (Ingenuity Pathway Analyses, Ingenuity Systems/Qiagen). Enriched pathways were individually reviewed to exclude pathways that were less meaningful for our cell type, such as sperm motility or neuronal guidance. Significance values were calculated by right-tailed Fisher\'s exact test. Standard z-scores were used to assess the activation (z\>1) or repression (z\<1) of certain pathways. No predictions could be made for pathways with z-scores close to zero.

2.6. Alizarin red assay {#s0040}
-----------------------

The mineral deposition ability of osteoblast-like cells was tested with a commercial Alizarin Red S staining assay (AppliChem GmbH, Darmstadt, Germany). The cells were cultured at pH 7.4, 7.8 or 8.4 for 14 or 21 days. To facilitate differentiation, 10 mM beta-glycero-phosphate and 10 nM calcitriol were added when the cells reached confluence after approximately four days [@bib17], [@bib18], [@bib19]. For calcium detection, the cells were washed with PBS and fixed by the addition of 4% paraformaldehyde at 37 °C for 15 min. After another washing step with distilled water, the cells were stained with 10 mM Alizarin-staining solution for 5 min. Excess solution was rinsed off with distilled water, and the staining results were evaluated under a light microscope.

3. Results {#s0045}
==========

3.1. Proliferation parameters: overview in a wide pH range {#s0050}
----------------------------------------------------------

For a first overview, tests of the influence of pH on cell count, WST-1 metabolism, and cellular ATP content were carried out in the 7.2--9.0 pH range after six days of culture. To ensure comparability of the results, HEPES buffer was used in all experiments, even though its recommended buffer range of pH 6.8--8.2 was exceeded [@bib20]. As expected, considerable drops of the initial pH were observed above pH 8.4 within our control interval of 24 h. At pH 9.0, the drop reached up to one pH step, introducing difficulties in the statistical analysis of the results. Despite this problem, the three parameters were plotted over the initial pH values ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1pH dependence of the proliferation parameters**.** The parameters cell count, WST-1 metabolism and cellular ATP content were determined after six days of cell culture. All parameters were normalized to their 100% values at pH 7.4. Each point represents the mean and standard deviation of 10 measurements. The fitting procedure is described in [S1 File](#s0115){ref-type="sec"}. The dashed lines illustrate the graphically determined values $\mathit{pH}_{\mathit{low}}^{100\%}$, $\mathit{pH}_{\mathit{high}}^{100\%}$, $\mathit{pH}_{\mathit{\max}}^{\mathit{graph}}$ and $f_{\mathit{\max}}^{\mathit{graph}}$ given in [Table 2](#t0010){ref-type="table"}. $\mathit{pH}_{\mathit{low}}^{100\%}$, $\mathit{pH}_{\mathit{high}}^{100\%}$confine the theoretical pH range, in which the fitted curves predict increased parameter values with respect to the standard pH of 7.4.Fig. 1

All three parameters exhibited an optimum pH range with their highest values around pH 8.4. Although the cell count data seemed to exhibit a plateau, ranging from pH 8.2--8.8 with a steep decline toward pH 9.0, the plateau of the WST assay data was even broader, ranging from pH 8.0--9.0. The high WST values seemed to contrast with the reduced cell count, especially at pH 9, whereas the ATP content dependence largely reflected the cell count data, though with a moderately elevated, broad plateau. We were unable to trace back the reasons for the high scatter at pH 8.4.

From a number of different functions, which were tested to fit the pH dependencies of the experimental data, a double-logistic function with five free parameters was found to provide the best fits ([@bib21], see [S1 File](#s0115){ref-type="sec"}).

The $f_{\mathit{\max}}^{\mathit{graph}}$ and the related pH values $\mathit{pH}_{\mathit{\max}}^{\mathit{graph}}$ as well as $\mathit{pH}_{\mathit{low}}^{100\%}$ *and* $\mathit{pH}_{\mathit{high}}^{100\%}$*,* were numerically determined from the plots of the double-logistic functions in [Fig. 1](#f0005){ref-type="fig"}. [Table 1](#t0005){ref-type="table"} summarizes the obtained parameters. All parameters peaked within the pH 8.4--8.6 range.Table 1Graphically determined parameters obtained from the fits of the pH-dependent equation given in [S1 File](#s0115){ref-type="sec"}.Table 1ParameterCell countWST-1 metabolismATP content$\mathit{pH}_{\mathit{low}}^{100\%}/\mathit{pH}_{\mathit{high}}^{100\%}$7.46/9.017.46/n.d.7.51/8.90$\mathit{pH}_{\mathit{\max}}^{\mathit{graph}}$8.628.408.48$f_{\mathit{\max}}^{\mathit{graph}}$251.4177.9168.5

These overview results were used to determine a set of four pH values for more elaborate proliferation investigations. We chose pH 7.2, 7.4, 7.8, and 8.4 for a pH below the cell culture standard, the cell culture standard, an intermediate step, and the optimum found in the pretests, respectively. The pH range in which pH could not be kept stable by HEPES-buffering was not further investigated. Long-term experiments on differentiation were carried out only at pH 7.4, 7.8, and 8.4.

3.2. Changes in medium pH during cell culture {#s0055}
---------------------------------------------

In parallel to the investigations on cell proliferation at pH 7.2, 7.4, 7.8, and 8.4, we checked the pH before the daily medium exchanges. For each day, the pH of each group was measured after pooling the media of four randomly selected wells. The observed shifts differed in their directions in the different pH groups ([Table 2](#t0010){ref-type="table"}). Although the pH remained nearly constant in the pH 7.4 group, moderate changes were observed in the pH 7.2 and 7.8 groups. Within 24 h, the pH was increased by approximately 0.07 and reduced by 0.15 in the pH 7.2 and 7.8 groups, respectively, when the measured pH values were averaged over six days. The second column of [Table 2](#t0010){ref-type="table"} presents means and mean deviations for n≥24. The shift magnitudes were increased with cultivation time, especially after more than three days. The pH shifts observed were particularly large in the pH 8.4 group.Table 2Comparison of adjusted pH and averaged pH values before the daily medium exchanges.Table 2Adjusted pHAveraged media pH of 6 consecutive dayspH difference7.27.27±0.03+0.077.47.41±0.03+0.017.87.65±0.08−0.158.48.03±0.18−0.37

Importantly, taking the increasing pH shifts into account would compress the abscissae, especially above pH 8.4, leading to even steeper decays of the functions and shifting the optima toward more acidic values. This consideration suggests a slightly shifted optimal pH range with respect to the parameter peak range, rendering the range from pH 8.0--8.4 a sound assumption for the optimal pH.

3.3. Effect of medium pH on proliferation {#s0060}
-----------------------------------------

To characterize the influence of medium pH on the proliferation of osteoblast-like cells, experiments were conducted in carbonate-free Alpha medium of pH 7.2, 7.4, 7.8, and 8.4. A relatively low cell number (20,000) was seeded per well of 24-well plates to obtain a subconfluent cell layer before the cells were cultured at the different pH values. Cell count, WST-1 metabolism, and ATP-content were analyzed over an experimental period of six days.

Cell counts increasing with pH were already apparent on day three ([Fig. 2](#f0010){ref-type="fig"}). On day four, the difference between pH 7.8 and 7.4 (control) became statistically significant. The cell count differences remained considerable at the end of the experiment. Compared to the standard culture conditions at pH 7.4, the mean cell counts were approximately 1.4-fold and 2.4-fold higher in the pH 7.8 and 8.4 groups, respectively. The pH 7.2 group showed the lowest cell counts throughout the entire experimental period, with the approximately 0.8-fold values of the pH 7.4 control group at the end of the experiment.Fig. 2Cell counts over six days in dependence on medium pH**.** Each data point represents the mean of ten wells. A RM ANOVA revealed significantly increased cell counts at alkaline pH (p\<0.05, indicated by asterisks) with respect to the pH 7.4 group, starting on day four for pH 7.8. On day six, the count peaked for pH 8.4 with a factor of approx. 2.4 with respect to the pH 7.4 group.Fig. 2

[Fig. 3](#f0015){ref-type="fig"} compares cell count, WST-1 metabolism, and ATP content on days 3 and 6. All values were normalized to their pH 7.4 means on day 6. The cell count data correspond to those in [Fig. 2](#f0010){ref-type="fig"}.Fig. 3pH dependence of proliferation parameters**.** Relative cell count (white bars), WST-1 metabolism (gray bars) and ATP content (black bars) are given for 3 (A) and 6 (B) days in culture. All data were normalized to their means of pH 7.4 on day 6. All parameters were increased with culture time and more alkaline medium pH. Each column represents the mean of ten wells collected from different culture plates. The data were analyzed by a RM ANOVA. Significant differences (p\<0.05), referring to the pH 7.4 (control) values at their corresponding days are indicated by asterisks. A strong increase at alkaline pH was found in the WST-1 metabolism already on day 3, whereas the other parameters showed a delayed increase.Fig. 3

WST-1 metabolism was increasing over the experimental period of six days, suggesting cell proliferation in all pH groups. The assay showed the same tendencies as the cell counts, even though it was more sensitive, detecting significant differences after only two days of culture. The statistical significance was verified by a Repeated Measures (RM) ANOVA using the Holm-Sidak method. For clarity, significant differences were marked only with respect to the pH 7.4 group and not for all possible pairs of the tested pH groups. The pH 8.4 group showed a significantly increased WST-1 metabolism with respect to the pH 7.4 group. Although the pH 7.8 group also displayed considerably elevated values, the RM ANOVA failed to detect these differences. Nevertheless, a pairwise comparison for significance using Student\'s *t*-test led to significant differences for this group, as well.

The overview on metabolism and proliferation was completed by the ATP-Lite®assay. The ATP content was measured on six consecutive days. For more alkaline medium pH a tendency toward higher ATP content, and thus enhanced proliferation, was observed. In the first phase of the experiment, the results were insignificant. However, from day 4 onward, the ATP content of the pH 7.2 group became significantly lower than that of the pH 7.8 and 8.4 groups. At this point the pH 8.4 group also showed significant differences compared to the standard, peaking in ATP content (119.45±48.44 µM) on day 6. As in the WST assay, the ATP values appeared to be considerably elevated in the pH 7.8 group on day 6. Although a pairwise comparison with Student\'s *t*-test revealed a significantly higher ATP content at pH 7.8 (65.34±19.17 µM) than at pH 7.4 (52.13±14.87 µM), the RM ANOVA did not show a significant difference.

3.4. Transcriptional response to pH {#s0065}
-----------------------------------

To examine whether osteoblast-like cells retained their ability to differentiate under our experimental conditions, long-term experiments were conducted. The cells were cultured either under standard conditions (pH 7.4) or under alkaline pH (pH 7.8 or pH 8.4). To support differentiation, beta-glycerophosphate and calcitriol were supplemented as soon as the cells reached confluence after 4 days.

Transcriptome analysis with the Affymetrix platform revealed several hundred genes to be differentially regulated at pH 7.8 and pH 8.4 compared to the standard conditions. Even though the effects were similar in the two alkaline groups, the existing differences not only hinted at the amplification of effects at pH 8.4 that were already induced at pH 7.8 but also at the induction of different signaling pathways. In our analysis, this led to a more ambiguous picture at pH 8.4, which was based on the data bases used by the IPA software, probably also because of the limited existing knowledge in the alkaline pH range. For a more stringent discussion of the alkalizing effects, we focus at pH 7.8 below. Additional reasons are that i) the medium pH was more stable throughout the culturing time at pH 7.8 ([Table 3](#t0015){ref-type="table"}); and ii) we consider pH 7.8 a stepping stone towards pH 8.4. All data including the pH 8.4 data will be summarized and made accessible online.Table 3Gene symbols of the Top5s of the upregulated (top) and downregulated (bottom) genes at pH 7.8. Fold changes compare the transcript numbers at pH 7.8 with those at pH 7.4.Table 3![](fx2.gif)

The Top5 of the upregulated and the Top5 of the down-regulated genes are involved in mineralization (DMP1, ANXA8), proliferation and cell adhesion (FABP4, HMGA2, CTGF, FLRT1, S100B), cell differentiation (SFRP2, TNFRSF19) as well as metabolism (GYS2) ([Table 4](#t0020){ref-type="table"}). Above all, the transcription of DMP1 was strongly enhanced. These regulations reflect the profound effects of the alkaline medium on cell physiology. Surprisingly, the gene expression of typical early osteoblastic transcription factors such as Runx2 and Osx (SP7) was either unaltered or even downregulated (fold changes: −1.57 and −3.14), resulting in a reduced gene expression of the early osteoblastic markers ALP and BGLAP. At the same time, the transcription factor ATF4, which is considered a critical regulator for terminal differentiation and function [@bib22], was upregulated (fold change: 2.22).Table 4Selected canonical pathways activated or repressed at pH 7.8.Table 4![](fx3.gif)[^1]

The complete set of differentially expressed genes was assigned to functional pathways and networks. Amongst these pathways many were related to stress, differentiation and bone cell function ([Table 4](#t0020){ref-type="table"}). For example, p38 MAPK is known to be involved in the responses to extracellular stress stimuli and to inflammatory cytokines, such as TNF, IL1 and IL18 [@bib23], [@bib24]. We found the receptors of these cytokines significantly upregulated, while the cytokine expression itself was unaltered or slightly downregulated. Even though the p38 MAPK itself was not significantly regulated, its signaling network was subject to various regulation processes, resulting in a generally enhanced activity of the network (z-score: 2.64).

The WNT β-catenin pathway was influenced by a severe downregulation of the cytoplasmic inhibitors WIF1 and SFRP2, accompanied by negligible regulations in the WNT family ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Schematic network of relevant pathways regulated at pH 7.8. Upregulated genes, down-regulated genes, and insignificantly regulated genes are colored in red, green, and white, respectively. To identify relevant pathways, we manually screened all the global functional networks that were extracted from lists of differentially expressed genes by the Ingenuity Pathway Analyses program.Fig. 4

The condensed scheme in [Fig. 4](#f0020){ref-type="fig"} summarizes the interaction of genes that we consider relevant for the response to alkaline pH. The genes were selected from the extended picture presented in [S3 File](#s0115){ref-type="sec"}.

3.5. Effect of medium pH on mineralization {#s0070}
------------------------------------------

The cellular potential for mineral deposition was determined by calcium staining in Alizarin Red assays. Staining was performed after 14 and 21 days in culture. Without supplementing beta-glycerophosphate and calcitriol at the time of confluence, the cells lost their osteoblastic morphology, gaining a rather fibroblastic phenotype independent of pH after several days (data not shown). As expected, no calcium deposition could be detected in these cultures. In the supplemented cultures, the confluent cells retained their osteoblastic morphology, though at considerably lower cell counts, with some apoptotic cells being recognizable independently of pH. The deposition of calcium was pH-dependent. Calcium was not detectable at pH 7.4 up to day 21. At pH 7.8, cells could first be stained on day 14, and large calcium deposits were detectable after 21 days. They were located in an optically cell-free matrix layer atop the cells, which we interpreted as a well-developed extracellular matrix. [Fig. 5](#f0025){ref-type="fig"} shows representative images. Separate, prolonged tests revealed calcium deposition also at pH 7.4, though this was undetectable before day 28 (data not shown).Fig. 5Comparison of calcium secretion at pH 7.4 and 7.8**.** Secretion was assayed with Alizarin (red stained clusters) in media supplemented with 10 nM calcitriol and 10 mM β-glycerophosphate after 14 and 21 days. At pH 7.8, stained cells and huge calcium deposits were clearly visible on days 14 and 21, respectively. At pH 7.4, no calcium could be detected until day 21.Fig. 5

Analogous experiments could not be completed at pH 8.4 because pH control would have required the repetitive replacement of larger amounts of culture medium. Medium replacement would have removed secerned molecules and prevented the conditioning of the medium by the cells themselves.

4. Discussion {#s0075}
=============

4.1. The setup {#s0080}
--------------

Osteoblasts undergo a developmental sequence with three principal phases: cell proliferation, extracellular matrix maturation, and mineralization [@bib25], [@bib26]. Only mature, differentiated osteoblasts are able to produce and modulate the extracellular matrix that is finally mineralized. Here, we used three parameters, which reflect different aspects of proliferation, namely cell count, cellular metabolism, and ATP content, to show that alkaline culture media facilitate the proliferation of osteoblast-like cells. Moreover, alkaline pH was shown to foster the development of characteristic cell properties of mature osteoblasts, such as the expression of typical late osteoblastic transcription factors and the ability to mineralize.

Most literature studies have reported pH effects for culture times of up to 72 h or shorter. Often, different extracellular pH was adjusted only after the cells reached confluence [@bib9], [@bib12]. We believe that these approaches provide only limited information on the pH effects on proliferation and differentiation processes in osteoblasts. To our knowledge, we are the first to report beneficial effects of alkaline pH on osteoblast-like cell proliferation during the initial log-phase and their differentiation in long-term cultures.

4.2. Results on proliferation parameters {#s0085}
----------------------------------------

The tested proliferation parameters showed similar pH dependencies, with optima in the alkaline range ([Fig. 1](#f0005){ref-type="fig"}). Of the three parameters, WST-1 metabolism was the fastest to detect increased proliferation at alkaline pH after only two days in culture. This increase was corroborated by cell count, which showed significant differences than the standard after three days at pH 8.4 and later at lower pH ([Fig. 2](#f0010){ref-type="fig"}).

However, another aspect must be taken into account for this comparison. Tests with equal cell numbers at different pH during the incubation times of the WST-1 assay revealed increased absorbances for increased pH values in the WST medium [@bib16]. In other words, the increased WST-1 turnover detected with alkaline culture media resulted from both higher cell numbers and pH dependence of the WST-1 turnover during the incubation time of the WST-1 assay.

Assuming that the abundance of the WST-1-metabolizing succinate reductase was similar in all pH groups, the enzyme\'s pH-dependence would lead to increased absorbance values per cell at more alkaline pH. In fact, detected absorbance was increased by a factor of approximately 1.7 when comparing pH 8.4 and 7.4 on day 3 (see [Fig. 3](#f0015){ref-type="fig"}) but not on day 6. We attributed the disappearance of the increase on day 6 to a downregulation of enzyme copy number as a result of its enhanced efficiency [@bib16].

Enhanced activity of succinate reductase in the respiratory chain will inevitably increase ATP synthesis. Indeed, we found significantly higher ATP contents per well in the pH 8.4 group starting on day 3. On day 6, ATP content peaked at pH 8.4. This value was more than twice the value found at pH 7.4. Nevertheless, when the ATP content was normalized to cell count, very similar values were obtained in all pH groups (see [S2 Table](#s0115){ref-type="sec"}). For longer incubation times, we found insignificant reductions in the ATP content per cell in all pH groups. This finding corresponds to results of Komarova et al. [@bib27], who reported decreased cellular ATP levels between days 3 and 7 when the cells were cultured in alpha minimum essential medium without beta-glycerophosphate. However, we could not exclude the possibility that the reduction in our experiments was caused by the test itself, *e.g.*, a hampered lysis of cell layers with gradually developed cellular matrix.

We expected proliferation to approach the plateau phases within six days, resulting in pH-independent converging cell counts. Nevertheless, on day six, cell counts were clearly increased at elevated pH, with strikingly high counts at pH 8.4 ([Fig. 2](#f0010){ref-type="fig"}). In parallel experiments, we found ATP content and cell count per well to be strongly correlated for at least the first six days of culture. The corresponding constant ATP content per cell suggests a stable balance between ATP synthesis and energy consumption during proliferation [@bib28]. The cellular ATP content was also constant for the high cell counts at pH 8.4 on day six, suggesting that this measuring point was not an outlier ([Fig. 2](#f0010){ref-type="fig"}).

Higher final cell counts might have resulted from multilayer formation by osteoblasts, which would require their differentiation [@bib27]. In this case, elevated pH would have supported both proliferation and differentiation. In our continuative differentiation experiments, the addition of supplements diverted the cell fate from those in the proliferation experiments at approximately day 4. Nevertheless, a more detailed investigation of the interrelationship between proliferation and differentiation was beyond the scope of this manuscript.

4.3. Results on the transcriptional response to alkaline pH {#s0090}
-----------------------------------------------------------

The pH dependence of differentiation was investigated in long-term experiments over 14 or 21 days. In our experiments, osteoblast-like cells did not keep their typical osteoblastic morphology but developed a rather fibroblastic phenotype without the addition of beta-glycerophosphate and calcitriol on approximately day 4. This observation is in accordance with recent findings of a positive selection of fast-growing cells from populations of the heterogeneous MC3T3 cell line by continuous passaging [@bib29]. These fast-growing cells gradually lost their capacity to form mineralized-nodules, an effect that is in accordance with our observation of a missing calcium deposition in the long-term mineralization experiments. In our experiments, the typical morphology of mature osteoblasts was stabilized by the addition of the supplements, an effect that was likely based on the antiproliferative properties of calcitriol. Cessation of proliferation is a known prerequisite for the initiation of osteoblast-specific gene expression [@bib30]. Our differentiation experiments suggest that this mechanism also applies to the immortalized MC3T3 cell line.

Ongoing differentiation processes can be revealed by gene expression profiling at a relevant timepoint. After 14 days in culture at pH 7.8, we found the expression of genes encoding the early osteoblastic transcription factor Runx2 and Osx to be either unaltered or even downregulated while the late transcription factor ATF4 was significantly upregulated. ATF4 is a crucial factor for osteoblast differentiation and the major determinant of osteoblast function [@bib22]. ATF4-deficient mice displayed a delayed skeletal development and developed a severe low-bone-mass phenotype due to decreased bone formation. Proper type I collagen synthesis required ATF4, even though ATF4 is known not to regulate the transcription of type I collagen [@bib31].

The p38 MAPK network, which also controls ATF4, showed an enhanced activity at pH 7.8. The network is involved in responses to extracellular stress stimuli as well as to inflammatory cytokines such as TNF, IL-1 and IL-18 [@bib23], [@bib24], which all had upregulated receptors in our experiments. Beyond its role in the stress response, p38 MAPK itself is also involved in regulating the differentiation and proliferation of bone progenitors. The phosphorylation activity of p38 MAPK promotes progression in osteogenesis by enhancing the expression or the activity of genes of osteoblast-specific transcription factors. Deletion of p38 MAPK hampers the terminal differentiation of osteoblasts and the appearance of osteocytes, thus directly affecting bone composition and maintenance *in vivo* [@bib32]. The activation of the p38 MAPK network in our experiments points at the predestined differentiation of the osteoblast-like cells into osteocytes.

The most strongly regulated gene codes for DMP1 ([Table 4](#t0020){ref-type="table"}), which is a critical factor for the proper mineralization of bone. DMP1 is a member of the small integrin-binding ligand N-linked glycoprotein (SIBLING) family of extracellular matrix proteins. Other prominent members of the SIBLING family are osteopontin and bone sialoprotein, which were only modestly regulated in our experiments. In primary osteoblast cultures, DMP1 is expressed very late and coincides with the formation of the mineralized matrix and the presence of cells with an osteocytic phenotype as described by Kalajzic et al. [@bib33]. These authors suggested DMP1 was a potential marker for the transition of osteoblasts into osteocytes. In our experiments, the upregulation of DMP1 and the late transcription factor ATF4 together with the downregulation of typical early osteoblastic markers, such as ALP and BGLAP imply an accelerated transition from the osteoblastic phenotype into a more osteocytic phenotype under alkaline conditions.

4.4. Results on calcification {#s0095}
-----------------------------

A late indicator of osteoblast differentiation is matrix mineralization. At pH 7.4, no calcium was detectable in our experiments at up to 21 days in culture. At pH 7.8, Alizarin-stained osteoblasts and some calcium deposition appeared on day 14. Seven days later, huge Alizarin-stained calcium deposits appearing in the extracellular matrix outshined stained osteoblasts ([Fig. 5](#f0025){ref-type="fig"}).

A comparable sequence of mineral deposition was described by Sudo et al. [@bib34], who established the MC3T3 cell line. Using a constant standard pH, these authors found that calcium vesicles appeared in the cells after 24 days, and they observed calcified spherules from day 30 onward. To compare our experiments with these findings, we prolonged several experiments up to 30 days. At pH 7.4, we observed Alizarin-stained osteoblasts in the presence of the appropriate supplements only on day 28. When the experiment was terminated on day 30, there were still no detectable calcified spherules or calcium deposits. Nevertheless, at pH 7.8, the sequence of calcium verifiability in our experiments was accelerated with respect to the results of Sudo et al. [@bib34] ([Fig. 5](#f0025){ref-type="fig"}).

In summary, our results show that even though alkaline pH is not sufficient to retain the osteoblast-like phenotype, it clearly supports osteoblastic properties. Our view is supported by reports on the favorable influence of elevated pH on the differentiation of BMSCs into an osteogenic cell lineage [@bib11].

4.5. On the cellular role in the acid-base homeostasis {#s0100}
------------------------------------------------------

Our results support the ideas of Brandao et al. [@bib35], who showed that bone cell function is regulated by pH. These and other authors have postulated a major role for bone as an alkaline buffer reserve against systemic acidification, which ensures the acid--base homeostasis even under pathophysiological acidic conditions [@bib4]. During acidosis, the osteoblast-induced deposition of alkaline minerals in bone is reduced, and the resorptive activity of the osteoclasts is enhanced [@bib1]. As a result, the availability of dissolved hydroxyl ions, which buffer surplus protons, is maximized. In contrast, the process of mineralization involves the deposition of alkaline hydroxyapatite, a process that inevitably releases protons into the extracellular fluid.

In our experiments, all pH-shifts tended toward pH 7.4. Nevertheless, this does not imply that pH 7.4 is optimal for cell viability in different tissues. It is more likely that the mechanisms behind our observation are part of homeostatic pH regulation, which would make blood capillaries in bone the interface for the systemic acid-base homeostasis and pH 7.4 the "lingua franca" for inter-systemic fluid exchange between tissues. pH 7.4 is actually the physiologically buffered value of blood and other systemic fluid reservoirs, such as liquor and lymph. In contrast, the local pH inside tissues may largely differ from pH 7.4.

We believe that the observed enhanced proliferation and differentiation of osteoblast-like cells at elevated pH *in vitro*, together with the observed medium acidification, reflects the cellular contribution to the *in vivo* feedback mechanism of homeostasis. Under alkaline conditions, osteoblast-like cells are more efficient at mineralization, a process that would drive the pH toward 7.4 under alkaline *in vivo* conditions. Even the alkalization observed in our pH 7.2 group did not contradict this picture. Nevertheless, in our *in vitro* experiments, alkalization may have been partly caused by the FBS of our medium. It introduces plasma proteins, which contribute to the blood buffer system under *in vivo* conditions. The cells themselves may have also contributed to the alkalization of the pH 7.2 medium by the exchange of intracellular HCO~3~^−^ for extracellular Cl^-^ by the Cl^-^/HCO~3~^−^ antiporter [@bib36].

Nevertheless, literature on the pH in the interstitia of tissues is scarce. In most interstitia, the pH is probably lower than 7.4, depending on the metabolic activity of the cells and their distance to the nearest blood capillary. For osteoblasts, our results suggest that within the range up to pH 8.4, any increase above pH 7.2 is beneficial for proliferation and mineralization. Alkalization of the extracellular milieu is most likely part of the physiological processes occurring during bone regeneration. For example, Chakkalakal et al. [@bib37] reported a pH increase up to pH 7.55 following an initial pH drop in the surrounding bone tissue during bone healing. The pH rise was accompanied by rapidly increasing calcium content in the tissue.

5. Conclusions {#s0105}
==============

In bone, osteoclast and osteoblast activities are decreased and increased at elevated pH, respectively [@bib1]. Surprisingly, literature on the influence of alkaline pH on bone cell proliferation and differentiation is still scarce. Taking pH drifts of the culture media into account, we found the maximum proliferation of osteoblast-like cells in the pH range from 8.0 to 8.4. Our results hint at the importance of research deep into the alkaline range to complete the picture. In view of these findings, an elevated pH would be beneficial for the *in vitro* or *ex vivo* cultivation of bone cells or bone tissue and might also open new avenues for bone regeneration therapies.
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[^1]: \*The known numbers of genes within each pathway are shown in parentheses.
